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Global quantum networks for secure communication can be
realized using large fleets of satellites distributing entangled
photon pairs between ground-based nodes. Because the cost of
a satellite depends on its size, the smallest satellites will be most
cost-effective. This Letter describes a miniaturized, polari-
zation entangled, photon-pair source operating on board a
nano-satellite. The source violates Bell’s inequality with a
Clauser–Horne–Shimony–Holt parameter of 2.60± 0.06.
This source can be combined with optical link technologies
to enable future quantum communication nano-satellite
missions. © 2020 Optical Society of America under the terms of the
OSAOpen Access Publishing Agreement
https://doi.org/10.1364/OPTICA.387306
Quantum entanglement describes non-local correlation between
multiple bodies such that their wavefunction is irreducible to
a product of individual wavefunctions. Entanglement correla-
tions [1–5] have emerged as an essential resource in quantum
technologies, and entanglement is used in various fields such as
computation [6], sensing [7], and communication [8].
Near-term applications include quantum key distribution
(QKD), where entanglement can be used to quantify knowledge
gained by an adversary [8] and to enable device-independent
encryption [9]. Beyond the immediate advantages for near-term
technologies (such as QKD), efforts and resources are being
directed towards the development of a quantum internet [10,11].
Such a network is envisioned to feature quantum nodes that are
capable of producing, detecting, or verifying quantum entangle-
ment. A global quantum network can be more readily realized
using space-based nodes [11–13].
The first steps towards space-based nodes have been taken
[14–19], and major milestones that demonstrate space-based
quantum communication primitives have been achieved by the
Micius satellite [17,18,20]. These pioneering space experiments
used sizable satellite platforms with significant resources; the satel-
lite mass in the space-based communication experiments have
ranged between 50 kg [19] to 600 kg [18]. One opportunity for
accelerating progress within the field is to utilize smaller, stand-
ardized spacecraft to enable cost-effective quantum nodes in space
[21,22]. The de-facto standard spacecraft in the nano-satellite class
is the CubeSat, where the most basic platform is a 10 cm cube (1U),
and a growing family of proportionally larger (2U, 3U, 6U, 12U)
spacecraft are also defined.
Previous work reported that photon pairs created by sponta-
neous parametric downconversion (SPDC) could be generated on
board CubeSats [15]. This Letter reports on the essential next step:
the generation and detection of polarization entangled photon
pairs on board a CubeSat in low-Earth orbit (LEO). This demon-
stration marks a milestone towards realizing space-to-ground
entanglement distribution from a CubeSat [23].
The in-orbit experiment occupies approximately 2U of vol-
ume in the 3U CubeSat, SpooQy-1 (Fig. 1, designed and built
at the Centre for Quantum Technologies, National University
of Singapore). The remaining 1U houses the spacecraft avionics.
The experiment is composed of a source of entangled photon pairs
coupled to a detector module [see Fig. 2(a)] all controlled by an
integrated electronics subsystem. A micro-controller on the exper-
iment interfaces to the satellite’s on-board computer to receive
commands and to return science data to ground control.
The polarization entangled photon-pair source is based on
collinear, non-degenerate type-I SPDC with critically phase-
matched non-linear crystals. The source design [Fig. 2(b)] uses a
parallel-crystal configuration [24,25]. The beam overlap found in
this design provides the source with better alignment stability in
contrast to other two-crystal designs [26].
2334-2536/20/070734-04 Journal © 2020Optical Society of America
Letter Vol. 7, No. 7 / July 2020 / Optica 735
10 cm 20 cm
UHF
antennas
Solar
panels
Avionics
stack
Experiment
Fig. 1. Systems within the SpooQy-1 satellite (some solar panels not
shown for clarity). Fully assembled, the CubeSat mass is 2.6 kg. The
experiment has a volume of 206 mm× 85 mm× 49 mm, a mass of
0.9 kg, and its peak power consumption is 2.5 W.
A collimated laser diode (central wavelength λ= 405 nm,
spectral linewidth 1ν = 160 MHz) with a beam full-width half-
maximum of 800 µm× 400 µm is used as a continuous-wave
pump for the SPDC process. The pump produces horizontally
polarized photon pairs in two β-barium borate (BBO-1 and
BBO-2) crystals (cut angle, 28.8◦; length, 6 mm). Between the two
BBO crystals, an achromatic half-wave plate (HWP) induces a 90◦
rotation in the polarization of the SPDC photons from BBO-1,
while the pump polarization remains unaffected.
The photon-pair source produces the state |φ〉 = 1√
2
(|Hs Hi 〉 +
e i1ϕ|Vs Vi 〉), where s (i ) denotes the signal (idler) photon wave-
length, and 1ϕ is the relative phase difference between photon
pairs born in BBO-1 and BBO-2. Excess pump light is removed
by a dichroic mirror to a detector that tracks power and pointing.
An a -cut yttrium orthovanadate (YVO4) crystal compensates for
the birefringent dispersion of the SPDC photons (related to 1ϕ
[24]). The tilt angle of BBO-1 is adjusted such that the final phase
difference 1ϕ becomes pi , generating the maximally entangled
Bell state |8−〉.
The relative angle of the pump beam and the optical axis of the
BBO crystals must be kept within 100 µrad in order to control the
phase of the generated photon pairs (see Fig. S1 in Supplement 1).
This can be achieved without active alignment using titanium flex-
ure stages. To reduce misalignments resulting from a mismatch in
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Fig. 2. (a) Essential optics in the experiment. LD, laser diode; DM,
dichroic mirror; YVO4, yttrium orthovanadate; LCPR, liquid-crystal
polarisation rotator; P, polarizer; GM-APD, Geiger-mode avalanche-
photodiode. (b) Entangled photon-pair source concept. This design
facilitates either of the |8±〉 Bell states. (c) Collection condition of the
SPDC photons (opening angle,α, 0.3◦) detected by GM-APDs.
the thermal expansion of different materials, the rest of the optical
bench is also made of titanium.
The SPDC photon pairs are separated by a dichroic mirror, and
signal and idler photons have their polarization state analyzed sep-
arately. Each polarization analyzer is composed of a liquid-crystal
polarization rotator (LCPR) followed by a polarizer [27]. Photon
detection is performed using un-cooled, passively quenched,
Geiger-mode avalanche photodiodes (GM-APDs, with detection
efficiencies of 45% at 800 nm) with active areas of 500µm located
10 cm away from the center of the source. Detection events are
identified as correlations if they occur within a time window of
4.84± 0.06 ns.
To simplify the optical assembly, collection optics were not
used. This collection condition, described in Fig. 2(c), restricts
the light detection to SPDC photons with an opening angle, α, of
0.3◦. While this affects the brightness, it does not detract from the
primary objective of demonstrating in-orbit entanglement.
During the course of operation in orbit, the satellite experiences
varying levels of solar illumination causing the temperature of the
experiment to fluctuate. This can be mitigated by running a 2.5 W
heater (Fig. S2 in Supplement 1). The temperature variation affects
the breakdown voltage of the GM-APDs. To ensure a constant
detection efficiency, the bias voltage of the detectors is optimized
by a window comparator technique that tracks changes in the
output pulse height of the GM-APDs [28].
To investigate the polarization correlation of the photon pairs,
one arm is analyzed with fixed polarization (either H, horizontal;
V, vertical; D, diagonal; or A, anti-diagonal), while the other arm is
swept through different polarization states. In principle, the LCPR
devices can achieve almost 2pi of phase shift, but, towards the end
of the range, the performance of the devices lack precision. To
improve performance reliability, the LCPR devices were restricted
to a phase shift of approximately 150 deg.
The visibility (contrast) of the polarization correlation curves
can be used to assess the quality of the entangled state. Additionally,
it is possible to extract 16 data points from these correlation curves.
Each curve can provide four data points that are separated by
45◦ (see Fig. 3). These data points are used to obtain a measure
of entanglement known as the Clauser–Horne–Shimony–Holt
(CHSH) [29] parameter, S.
After assembly of the satellite, the on-ground detected pair rate
(combined for both polarization bases) is 1400 pairs/s at approx-
imately 17 mW of pump power (≈ 590, 000 singles/s for signal
and idler). The visibilities (corrected for accidentals) recorded
in the two bases (H/V and D/A) were VH = 0.97± 0.05,
VV = 0.97± 0.06, VD = 0.84± 0.05, and VA = 0.90± 0.05.
From these curves, a CHSH parameter of 2.63± 0.07 was
extracted [see Fig. 3(a)]. If used for quantum communication,
this source would introduce an intrinsic quantum bit error ratio
(QBER) of approximately 3.9± 0.4%.
The satellite was deployed into orbit from the International
Space station on 17th June 2019 (orbit inclination: 51.6◦, 408 km
altitude) and operations began on the same day. The temperature
of the experiment fluctuated according to the diurnal cycle of the
satellite’s 90 min orbital period as expected. To bring the exper-
iment within the range of operating temperature, the on-board
heater was activated (see Fig. S2 in Supplement 1). The differ-
ence between the on-ground and in-orbit temperatures made
it necessary to recalibrate the LCPR devices and to operate the
experiment in orbit with a different pump current (see Fig. S3 in
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Fig. 3. (a) On-ground polarization correlation curves after the experi-
ment was integrated into the satellite. Average visibility at 20◦C (corrected
for accidental coincidences) recorded in the two bases (H/V and D/A)
were VH/V = 0.97± 0.05 and VD/A = 0.87± 0.05. The corresponding
CHSH parameter was 2.63± 0.07. The dashed, vertical lines indicate
the settings used to obtain the CHSH parameter. (b) Correlation curves
measured in orbit on 16th July 2019. For clarity, only a subset of data
points are shown. The average visibility (corrected for accidental coinci-
dences) at 17.5◦C was VH/V = 0.98± 0.06 and VD/A = 0.88± 0.06.
The corresponding CHSH parameter of 2.60± 0.06. (c) In-orbit CHSH
values at different temperatures obtained over two weeks of operation.
The red-colored data points were taken after the satellite was under direct
solar illumination for 100 h (see Fig. S2 in Supplement 1).
Supplement 1), which can yield a different laser mode, leading to
slightly different brightness levels.
The typical in-orbit detected pair rate (combined for both
polarization bases) was 2200 pairs/s (≈ 700, 000 singles/s
for signal and idler). The highest recorded visibilities were:
VH = 0.98± 0.05, VV = 0.97± 0.06, VD = 0.88± 0.06, and
VA = 0.88± 0.06. These visibilities yielded a CHSH parameter of
VH = 2.60± 0.06 [Fig. 3(b)]. This value is a slight underestimate
of the actual CHSH parameter because the LCPR settings for the
diagonal and anti-diagonal polarization states had a systematic
error. This can be seen from Fig. 3(b), where the extrema of the
correlation curves in the diagonal/anti-diagonal settings do not
occur exactly at the D/A (45◦/135◦) basis setting. Nevertheless,
this causes only a slight degradation in the CHSH value compared
to the on-ground baseline value.
Entangled photon-pair production was observed over a tem-
perature range from 16◦C to 21.5◦C [Fig. 3(c)]. The experiment
experienced relatively high temperatures when the satellite entered
an orbital condition of continuous solar illumination (no data was
collected during this period). Data collection resumed after exiting
continuous illumination, and pre-illumination performance was
observed (see red data points in Fig. 3(c)].
The operation of a polarization entangled photon-pair source
on board a CubeSat in LEO has been reported. This shows that
entanglement technology can be deployed with minimal resources
in novel operating environments, providing valuable ‘space
heritage’ for different components and assembling techniques.
The next generation of the experiment can achieve an improve-
ment of two orders of magnitude in the photon-pair rate [25],
and other SPDC configurations are under consideration to enable
other performance improvements [30]. A follow-on mission
is under development where, the goal is to share entanglement
between a nano-satellite and a ground receiver [23]. To achieve
this goal, it is necessary to equip a nano-satellite with an optical
terminal that has a pointing capability of approximately 10 µrad
[22]. While this additional infrastructure is demanding, solutions
have been reported from the commercial sector [31].
The result from this in-orbit experiment paves the way for
testing a variety of satellite-based quantum communication pro-
tocols using small standardized spacecraft such as CubeSats. These
include placement of faint laser pulses in space to perform decoy-
state QKD, or to install only quantum receivers on the CubeSats
to enable an uplink configuration [32–34]. Beyond securing keys,
two-way entanglement distribution can also enable secure time
transfer [35] between satellites providing global navigation ser-
vices. Such a capability can be demonstrated via inter-CubeSat
quantum communication [36].
Miniaturized sources are not restricted to nano-satellites. They
can also be useful for the development of quantum communica-
tion subsystems in larger spacecrafts. This Letter also shows that
CubeSats are well-placed to perform in-orbit subsystem and device
performance characterization to support the development of space
missions with larger satellites.
As small standardized spacecraft are cost-effective, we antici-
pate an acceleration of space-based demonstration for quantum
technologies in domains such as time keeping and sensing. The
use of a standardized platform makes it easier to work towards a
realistic miniaturization of the required technology and to scale up
the number of space-based nodes with constellations of quantum
nano-satellites to enable a global quantum internet.
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